Abstract: Large quantities of water are consumed by irrigated crops and riparian vegetation in western U.S. irrigation districts. Remote sensing methods for estimating evaporative water losses by soil and vegetation (evapotranspiration, ET) over wide river stretches are needed to allocate water for agricultural and environmental needs. We used the Enhanced Vegetation Index (EVI) from MODIS sensors on the Terra satellite to scale ET over agricultural and riparian areas along the Lower Colorado River in the southwestern U.S., using a linear regression equation between ET of riparian plants and alfalfa measured on the ground, and meteorological and remote sensing data, with an error or uncertainty of about 20%. The algorithm was applied to irrigation districts and riparian areas from Lake Mead to the U.S./Mexico border. The results for agricultural crops were similar to results produced by crop coefficients developed for the irrigation districts along the river. However, riparian ET was only half as great as crop coefficient estimates set by expert opinion, equal to about 40% of reference crop evapotranspiration. Based on reported acreages in 2007, agricultural crops (146,473 ha) 
Introduction

Need for Wide Area Estimates of Riparian and Agricultural Water Use on Arid Zone Rivers
Throughout the arid zones, there is conflict between human and environmental water needs [1, 2] . The major rivers are often fully utilized for human uses, and in-stream flows have been diminished. As a result, riparian ecosystems have become degraded, with deleterious effects on wildlife. U.S river managers are now challenged to manage available water supplies for both human use, primarily agriculture, and environmental restoration [3, 4] , and for this they need accurate estimates of consumptive water use (evapotranspiration, ET) by crops and riparian species.
A particular problem in the western U.S. is to determine water use by saltcedar (Tamarix ramosissima and related species) [5] , a salt-tolerant, introduced shrub that has replaced native vegetation on many flow-regulated western rivers due to salinization of the aquifers and riverbanks (reviewed in [6, 7] ). There is concern that it uses large amounts of water compared to native plants (early ET estimates by indirect methods were as high as 3-4 m yr −1 ) [8, 9] , and the U.S. Congress passed a bill to conduct saltcedar and Russian olive (Elaeagnus angustifolia) control programs on western rivers for the purpose of water salvage [10] . On the other hand, recent flux tower [11] [12] [13] , sap flux [14] [15] [16] [17] and remote sensing [18] [19] [20] studies have produced lower estimates of saltcedar water use, in the range of 0.7-1.4 m yr −1 [21] . Resolving differences in estimates of water consumption by saltcedar and other riparian species over long river reaches is important in constructing water budgets and developing riparian management plans for western river irrigation districts. The goal of this study was to estimate evapotranspiration (ET) by agricultural crops and riparian vegetation along the Lower Colorado River in the U.S. This river stretch provides water for several million ha of irrigated agricultural as well municipal water for 22 million people in the U.S. and Mexico [22] . It is also an important wildlife corridor, especially for birds on the Pacific Flyway that depend on riparian vegetation for nesting and feeding areas [23, 24] . Flows in the Colorado River are expected to be reduced by a drying trend induced by climate change [25] , exacerbating the conflict between human and environmental water requirements. Saltcedar is the dominant riparian species on this river stretch [3, 26] . We used a remote sensing method calibrated with ground measurements of ET, described in detail in a companion paper [15] , to compare water use by agricultural and riparian vegetation on this river.
Methods
Site Description
The Lower Colorado River, from Hoover Dam to the Southerly International Boundary with Mexico stretches for 570 river km. According to a 2007 survey [26] , it supports 146,473 ha of agricultural fields and 68,845 ha of riparian habitat along the river, and an additional 765,384 ha of agriculture in the Imperial and Coachella Valleys in California. Alfalfa and cotton are the main crops, making up 34% and 13.4% of the agricultural acreage along the river, respectively. The riparian acreage includes barren areas (<10% vegetation, 16,758 ha), marshes (3,073 ha), and tree and shrub vegetation (47,014 ha), of which 25,044 is dominated by saltcedar (>50% of vegetation), and the remainder is saltcedar growing in association with mesquite trees (Prosopis glutinosa and P. pubescens), arrowweed (Pluchea sericea), and other shrubs. Cottonwood (Populus fremontii) and willow (Salix gooddingii) trees once covered large areas of the flood plain but only 200 ha of gallery forests of these species remains [2, 3] .
The main irrigation districts are in the wide areas of floodplain that formerly supported extensive overbank flooding in wet years in the watershed. The river is now contained within its channel by levees and overbank flooding is rare. From north to south, the irrigation districts surveyed in this paper are the Mohave Irrigation District, the Palo Verde Irrigation District, and the Yuma Irrigation District (Figure 1 ) [26] . These were selected as typical of the irrigated areas along the river. The riparian areas surveyed were the Mohave riparian area above the irrigated fields, Havasu National Wildlife Refuge, Bill Williams National Wildlife Refuge, Cibola National Wildlife Refuge, Imperial National Wildlife Refuge, Mittry Lake State Wildlife Area, and the riparian corridor at the confluence of the Gila and Colorado River in Yuma (Figure 1 ). These represent the majority of riparian acres along the river [26] . All the riparian sites are dominated by saltcedar, except Bill Williams National Wildlife Refuge at the junction of the Bill Williams and Colorado Rivers, which supports the largest remaining stand of mature cottonwood trees on the river [2, 3] .
MODIS Data
MODIS data are collected on a near-daily basis and are processed and composited into 16-day values by NASA's EROS Data Center, using 3-5 cloud-free images for each collection interval [27] . Both the Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) are available as georectified and atmospherically corrected products with a resolution of 250 m. We used EVI instead of the more commonly used NDVI because previous studies [18, 28] showed that ET measured at 11 moisture flux tower sites was significantly better correlated with MODIS EVI than NDVI. EVI is calculated as:
where the coefficient "1" accounts for canopy background scattering and the blue and red coefficients, 6 and 7.5, minimize residual aerosol variations. We converted EVI to a full scale between 0 to 1 (EVI*):
where EVI max is the value for full plant cover and EVI min is the value for bare soil. We used values of 0.542 and 0.091, respectively, from a large data set collected over three western riparian zones in a previous study [20] . MODIS EVI data were obtained from the Oak Ridge National Laboratory DAAC site [29] . Two methods were used to determine EVI over large areas. In the first method, we prepared a mask around the perimeter of the riparian zone or agricultural district of interest, and used a GIS program (ERDAS Imagine, Atlanta, GE) to calculate mean EVI of the area within the mask for each MODIS image. When preparing the masks we attempted to exclude nontarget land cover types. However, MODIS pixels are large enough to encompass several land cover classes within a single pixel, and it was not possible to completely exclude nontarget cover types in wide-area masks. In the second method, we sampled single pixels or blocks of pixels over the area of interest. Sample locations were preselected in a grid pattern over the area of interest. The pixel footprints were projected on a current Quickbird image on the ORNL website and inspected to determine if they were contaminated with water or other nonriparian or nonagricultural cover types, in which case they were not included in the final sample set used to calculate mean ET. Sixteen individual pixels per riparian area were sampled. Pixels containing open water, marsh or >70% bare soil were excluded. For agricultural districts it was possible to sample much larger blocks of pixels; ten blocks of 196 pixels (1,600 ha) each were sampled in each agricultural district to determine mean ET. Both active and fallow fields were included in the agricultural samples, but abandoned fields in agricultural and riparian areas were excluded. Data for the full period of the MODIS record (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) were collected for each riparian or agricultural area. We also included a control alfalfa field (Hayday Farms, Inc., Blythe, CA), in the Palo Verde Irrigation District, in which ET was measured by a neutron hydroprobe-water balance method in 2006 and 2007 [15] .
ET Estimation
We developed an empirical algorithm for estimating agricultural and riparian ET on the Lower Colorado River using remote sensing and ground measurements of ET [15] . Ground measurements of ET by alfalfa, saltcedar, arrowweed and cottonwood were converted to estimates of the evaporative fraction (ET o F), by dividing ET by ET o determined at Arizona Meteorological Network (AZMET) stations along the river [30] . Then a linear regression equation was calculated to relate ET o F to EVI*Enhanced Vegetation Index (EVI) from the MODIS sensor on the Terra satellite. The equation of best fit was:
where ET o-BC is the Blaney Criddle formula for ET o [31] . The Blaney Criddle formula for ET o performed better than the standard Penman Monteith FAO-56 reference crop formula (ET o-PM ) [32] in this application (discussed in [15] ). The equation had a root mean square error equal to about 20% of the mean ET (6.2 mm d −1 ) measured across species and sites. ET was then projected over annual cycles using AZMET data:
A summary of the ground and satellite data used to develop Equation (3) and references are in Table 1 . A problem in this kind of study is to match the scale of ground measurements to the scale of the satellite imagery. MODIS EVI pixels cover approximately 6.25 ha, whereas plant transpiration or ET estimates were made on varying scales depending on methodology. The sap flow sensors used at saltcedar [14, 15] and cottonwood [33] sites measured plant transpiration through individual plant stems. To scale sap flow measurements to correspond to individual MODIS pixels, sap flow was measured on 5-20 plants per site and expressed on a leaf-area basis by harvesting leaves at the end of the measurement period. Measurement periods spanned one to three 16-day MODIS data collection periods. Transpiration rates were then projected over plot areas of approximately 6 ha by measuring leaf area index (LAI) at 100 or more points under individual plant canopies randomly selected over the plot. LAI of individual plant canopies was converted to LAI on a ground area basis by determining fractional vegetation cover over the plot area on high-resolution aerial photographs. Sap flow sensors do not measure bare soil evaporation, but saltcedar and cottonwood are phreatophytes, extracting water from the aquifer, and the surface soil was dry during these studies. Hence, plant transpiration was assumed to be the same as ET. ET over the area approximately corresponding to the footprint of the MODIS pixel was calculated as the product of transpiration per m 2 of leaf area times LAI over the plot area. Alfalfa ET was measured by soil moisture depletion determined by neutron hydroprobe over three irrigation cycles in a 30.1 ha field near Blythe, California [15] . Each probe port provides a point estimate of soil moisture, and data from five ports distributed within the field were pooled to estimate ET over the field. Three MODIS EVI pixels whose footprints were wholly within the field were used for correlation with ET measured by neutron probe at each sample interval. ET of saltcedar and arrowweed at Havasu National Wildlife Refuge were measured over one or two growing seasons by Bowen Ratio moisture flux towers. Flux tower readings were correlated with MODIS EVI readings for the pixel encompassing each tower site. Flux tower measurement footprints varying depending on meteorological conditions but typically cover an area of several hectares, and the towers were deliberately sited in areas with uniform vegetation conditions within the study area, hence MODIS pixel footprints were accepted as representative of the tower measurement footprints.
Other Data Sources and Calculations
Meteorological data for CNWR and the PVID were obtained from the Parker, Arizona, AZMET station [30] . Data for MID-Rip, MID, HNWR and BWNWR were from the Mohave #2 AZMET station [30] . Crop and riparian acreages were from the 2007 edition of the Lower Colorado River Accounting System [26] . ET o F values for agricultural and riparian vegetation on the Lower Colorado River, set by expert opinion and used for comparison with MODIS-derived values, were from [34] , as reported in [26] .
Results and Discussion
Relationship Between Ground ET Estimates and MODIS ET Estimates
Plots of MODIS ET calculated by Equation (4) and ground ET estimates are in Figure 2 (alfalfa, cottonwood and arrowweed) and Figure 3 (saltcedar at six sites) . Annual ET curves are given for MODIS and flux tower estimates, whereas sap flow results are shown as single points due to the short duration of the measurements. Ground estimates of alfalfa ET had large error bars due to high within-field variability in ET, but the means plotted close to MODIS ET estimates (Figure 2A) . Cottonwood ( Figure 2C ) and arrowweed ( Figure 2B ) ground ET estimates also plotted close to MODIS estimates.
Results were more variable for saltcedar, with one site (Slitherin) having a higher (P < 0.05) ET by sap flow measurement than by MODIS ( Figure 3A) , and two sites (Diablo Tower and Diablo Southwest) having lower (P < 0.05) ET by sap flow than by MODIS ( Figures 3B,E )(see [14, 15] for site descriptions). The differences were not due to random variations but to the distinctly different patterns of diurnal transpiration and stomatal conductance observed among saltcedar sites, due to differences in salinity of the aquifer and soil properties among sites. This was seen by differences in daily ET expressed on a leaf-area basis, and by midday depression of transpiration at all sites except Slitherin [14, 15] . We concluded [15] that Equation (4) could be used as a method to scale ET over wide areas with an error or uncertainty of approximately 20%, but could not be used for accurately predicting saltcedar ET at a given site without knowledge of physiological limitations on ET at that site. 
Agricultural ET Estimates
ET estimates using masks were in general agreement with estimates made by pixel sampling. Mask estimates on average were 8% lower than sampling estimates when compared for the same 16-day periods, but the differences were nonsignificant (P = 0.33). Nevertheless, it was impossible to completely mask out nontarget land classes in masked areas due to the coarse resolution of the MODIS pixels. Therefore, the sampling estimates were used for the wide-area projections reported here.
Agricultural ET estimates are in Table 2 . among years). This is typical of values determined for alfalfa in lysimeter studies at Maricopa, Arizona [35] , and of direct measurements of ET at Hayday Farms (Figure 2A ) [15] , with alfalfa typically having higher ET than the reference grass crop used in the calculation of ET o-PM . Agricultural ET over wide areas was lower, because many of the fields are bare for part of the year. PVID had higher ET than MID or YID over all fields surveyed. Based on ET o-PM over all years, ET o F values were 0.64, 0.91, and 0.65 for MID, PVID, and YID, respectively. 
Riparian ET Estimates
Riparian ET estimates (Table 3) [15, 18] . Regarding (2) the different plant species fell along the same regression line for ET o F versus EVI* in [15] , justifying the use of a single value relating ET o F to EVI* in this study. Choudhury [36] also noted that a single vegetation index-derived crop coefficient could be applied to different crops, because vegetation indices provide good estimates of radiation absorbed by leaves at the top of a canopy, the main determinant of crop ET o F, despite differences in LAI and canopy architecture among species [37] . However, as more refined estimates of actual ET become available, differences among plant types are likely to become more noticeable. Present ground methods for wide area ET estimates have errors and uncertainties in the range of 10%-20% [21] , potentially obscuring between-plant differences. Problems in scaling ground measurements to satellite pixel coverage add additional sources of error, so remote sensing estimates are generally regarded as having errors and uncertainties in the range of 20%-30%, similar to this study [38, 39] .
Conclusions
This study resulted in the following specific conclusions: (A) ET rates in the Lower Colorado River Basin for agricultural areas was 1301-1848 mm yr −1 and for riparian areas was 437-1155 mm yr −1 . These results support other recent studies (reviewed in [7, 14] ) showing that riparian ET rates are much lower than had been reported based on earlier, indirect measurements of western U.S. rivers, which ranged as high as 3,000-4,000 mm yr −1 [8, 9] .
Since riparian vegetation consumed only 1% of the annual flow of the river, the prospects for gaining back large amounts of water by saltcedar clearing as envisaged in [10] are reduced for this river.
(B) The accuracy of the cropland and riparian ET estimates are currently limited by the relatively few ground measurements of ET, at the spatial scale of MODIS pixels, available for calibration of equations such as (4) . The uncertainty in the estimate is about 20%, due to errors and uncertainties in ground measurements of ET and the mismatch in scales between ground measurements and remote sensing methods.
(C) MODIS derived indices (e.g., EVI as demonstrated in this study) have potential to refine estimates of agricultural and riparian ET by providing measurements of the state of the canopy at frequent intervals over a growing season. This approach can be considered an alternative to ET of crops and vegetation derived using crop coefficients (e.g., [34] ) or thermal satellite data [39] . The approach is of considerable value at a time when satellite borne thermal data are becoming rare.
(D) Comparative studies have shown that surface energy balance methods for ET using satellite thermal band data currently have about the same level of error or uncertainty as vegetation index methods [38] [39] [40] . Importantly, however, their limitations and sources of error are different [e.g., 40]. Unlike vegetation index methods, thermal band methods can detect plant stress and estimate bare-soil evaporation, but their main limitation is that they provide only a snapshot of ET at the time of satellite overpass that must be projected over days or longer periods of time. On the other hand, nonthermal band methods make use of frequent-return satellite sensors that can provide nearly continuous information on the state of the canopy, but only indirect estimates of actual ET. An approach that combined thermal band and nonthermal band methods across different satellite sensor systems could have the potential to further improve ET monitoring over croplands and natural areas.
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